are probably associated with the formation of knobs on red blood cells parasitized by mature-stage parasites. These knobs are involved in the sequestration mechanism of infected red blood cells (7) (8) (9) . MSP-1, or Gp 195, is synthesized in trophozoites and is present in the schizont stage and on the merozoite surface (10) . This protein is processed in small glycosylated and unglycosylated fragments; it may be responsible for penetration mechanisms (11) or related to growth during the intraerythrocytic stage (12) . In schizonts Gp 195 is O-glycosylated and contains Olinked N-acetylglucosamine, as demonstrated by Ud-Din et al. (13) . During the asexual intraerythrocytic stage (at 28 -40 h of culture) of P. falciparum, an apparent lack of N-glycosylation in glycoproteins was shown by use of gel filtration after specific cleavage of N-glycans or O-glycans and by the nontransference in vitro of several donors, (Dol-P-P)[ (3, 14) . TUNYC blocks the formation of dolichol-P-P-oligosaccharides by inhibiting the synthesis of dolichol-P-P-N-acetylglucosamine (15) . In P. falciparum, it has been shown that the antibiotic inhibits development of the parasite after 96 h of treatment, without ring stage formation in the 3rd cycle of culture (3, 16, 17) ; this suggests that N-linked oligosaccharides may have a role in the development of the parasite. Previous reports (3, 17) , which claim the absence of N-glycosylation in glycoproteins, have induced us to reinvestigate the glycosylation of proteins during the intraerythrocyte stages of P. falciparum.
In this report we demonstrate the presence of N-glycosylation at the intraerythrocytic stage of P. falciparum. We also suggest that the absence of schizonts in the 2nd cycle of culture in the presence of TUNYC is due to the inhibition of the N-glycosylation pathway during the trophozoite stage. N-Linked glycoproteins presents at the trophozoite stage appear to be important for the differentiation mechanisms of the asexual erythrocytic forms of P. falciparum.
EXPERIMENTAL PROCEDURES

Materials
Reagents were obtained from the following sources. RPMI 1640 medium, RPMI 1640 medium without glucose and methionine, Hepes, hypoxanthine, glucose, gentamycin, TUNYC, CHX, Tris, EDTA, SDS, 2-mercaptoethanol, Nonidet P-40, Triton X-100, phenylmethylsulfonyl fluoride, iodoacetamide, N ␣ -p-tosyl-lysine chloromethyl ketone, leupeptin, methyl ␣-D-mannopyranoside, methyl ␣-D-glucopyranoside, N-acetylglucosamine, N,NЈ-diacetylchitobiose, trichloroacetic acid, trifluoroacetic acid, n-butyl alcohol, pyridine, dextran blue, and maltooligosaccharides were purchased from Sigma. Percoll® and concanavalin A-Sepharose were purchased from Pharmacia Chemicals (Uppsala, Sweden). Plasmagel® was purchased from Laboratoire Roger Bellon (Nevilly-sur-Seine, France). L-[ 35 
S]Methionine, D-[U-
14 C]glucose, D-[U- 14 C]mannose, and Amplify® were obtained from Amersham International (Buckinghamshire, United Kingdom). N-Glycanase® and O-Glycanase® were purchased from Genzyme (Cambridge, MA). Bio-Gel P-4 was acquired from Bio-Rad. Standard of N-glycans: Man 3 GlcNAc 2 and Man 9 GlcNAc 2 were purchased from Oxford Glycosystem (Abingdon, UK).
Parasite Cultures
The experiments were performed with an isolate (S20) of P. falciparum obtained from a patient living in Porto Velho (State of Rondônia, Brazil) (18) . The parasites were cultivated in 100-mm diameter Falcon Petri dishes and maintained in RPMI 1640 medium supplemented with 25 mM Hepes, 21 mM sodium bicarbonate, 370 M hypoxanthine, 11 mM glucose, 40 g/ml gentamycin, and 10% (v/v) human A ϩ serum. Washed human O ϩ erythrocytes were added to the culture medium to a hematocrit of 5%. In vitro culture was carried out according to Trager and Jensen (19) . The Petri dishes were incubated at 37°C in a candle jar with daily medium changes.
Development and multiplication of the culture were followed by microscopic evaluation of Giemsa stained thin smears. Synchronization was obtained by two treatments with Plasmagel® (6% (w/v) solution of gelatin in physiological saline) (20) . Starting with asynchronous cultures, schizonts were concentrated by flotation in Plasmagel® and subcultured with fresh erythrocytes at 48-h intervals.
All experiments were carried out using extracts from ring-infected, young trophozoite-infected erythrocytes (at 20 -25 h of culture time), and old trophozoite-infected erythrocytes (at 35-40 h of culture time), purified on a 40/70/80% discontinuous Percoll® gradient (15,000 ϫ g, 30 min, 25°C). This yielded an upper band from the old trophozoite stage (40%), another band from the young trophozoite stage (70 -80% interface), and a pellet of ring stage and uninfected cells (21) .
Inhibition Tests
Various concentrations of TUNYC (3, 6 , and 12 M) diluted in 1 mM NaOH or CHX (8, 17 , and 35 M) diluted in RPMI 1640 medium were tested.
Inhibition tests were carried out in flat-bottom microtitration plates (Falcon). Freshly synchronized cultures of 5% hematocrit and 1% parasitemia (ring-stage parasites) were exposed to serial dilutions of the compound to be tested in normal culture medium. After 48 and 96 h (if not otherwise stated), the multiplication rate was assessed from the number of newly formed ring-stage parasites.
Metabolic Labeling
The experiments with labeled parasites were performed in three different protocols.
Protocol 1-Synchronous P. falciparum ring-stage cultures, untreated or treated with 12 M TUNYC or 17 M CHX for 48 h, were labeled with 25 Ci/ml L-[
35 S]methionine (Ͼ1,000 Ci/mmol) in 10 M methionine-deficient RPMI medium, at the beginning or after 10 h of treatment with each antibiotic (Fig. 1, arrows 1 and 3) . Other synchronous cultures at the ring stage were treated with 12 M TUNYC and at the start or after 10 h of treatment were labeled with 6.25 Ci/ml
C]mannose (289 mCi/mmol) in RPMI 1640 medium without addition of 11 mM glucose (Fig. 1, arrows  1 and 3 ). Aliquots were collected at different times (0 -48 h), precipitated with 12% (w/v) trichloroacetic acid, and radioactivity was measured with a Beckman 5,000 ␤-counter.
Other cultures were treated for 96 h with each antibiotic in the same concentrations. After 48 h of treatment with TUNYC or CHX, the cultures and nontreated controls were labeled with the same isotopes, and aliquots were precipitated at different times with trichloroacetic acid, under the conditions described above (Fig. 1, arrow 4) .
Protocol 2-Cultures of P. falciparum with parasitemia around 20% (2nd cycle, 98% ring forms, 2% schizont forms) pretreated with 12 M TUNYC for 52 h, were labeled for 18 h with various isotopes in the presence of 12 M TUNYC (Fig. 1, arrow 5, point D) . Radiolabeled amino acid L-[ C]mannose was performed using 6.25 Ci/ml the radiolabeled sugar in RPMI 1640 medium without addition of 11 mM glucose. All the cultures were incubated in methionine-or glucose-deficient medium for 1 h before the addition of the radioactive substance, so as to deplete endogenous stores. The cultures were then washed three times in a 10-fold volume of RPMI 1640 medium without sera. Ring, young trophozoite, and old trophozoite forms were purified by discontinuous Percoll® gradient as described above, followed by lysis of the cells in twice their volume of ice-cold 10 mM Tris-HCl, pH 7.2, 150 mM NaCl, 2% (v/v) Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 5 mM iodoacetamide, 1 mM N ␣ -p-tosyl-lysine chloromethyl ketone and 1 g/ml leupeptin. After incubation for 15 min at 4°C, the lysates were centrifuged at 10,000 ϫ g for 30 min, and supernatants were stored in liquid N 2 for subsequent chromatography on ConA-Sepharose or SDS-PAGE analysis.
Protocol 3-P. falciparum parasites were cultured for 7 h, starting with initial parasitemia around 20% (1st cycle, 80% ring forms, 15% trophozoite forms, and 5% schizont forms). Parasites were labeled for 18 h with the same isotopes and treated as described above (Fig. 1,  arrow 2, point B) . Each stage, purified by Percoll® gradient, was lysed in the appropriate buffer for chromatography on a ConA-Sepharose column, for enzymatic treatment or for column gel filtration.
ConA-Sepharose Affinity Chromatography
The lysate of P. falciparum labeled with L-[ 35 S]methionine was applied to a ConA-Sepharose column (2 ϫ 0.8 cm), previously equilibrated with 10 mM Tris-HCl, pH 7.2, 150 mM NaCl, and 2% (v/v) Triton X-100. Bound glycoproteins were eluted with the same buffer containing 100 mM methyl ␣-D-mannopyranoside and 100 mM methyl ␣-D-glucopyranoside. Unbound material was denominated peak 1, and the glycoproteins eluted with the specific sugars corresponded to peak 2. All fractions were independently monitored by liquid scintillation counting, pooled, and precipitated with 3 volumes of cold ethanol (22) . After standing for 48 h at Ϫ20°C, the fractions were centrifuged at 10,000 ϫ g for 1 h at 4°C and the precipitates analyzed by SDS-PAGE. The same number of treated and untreated parasites was applied to each column for the analysis of each stage.
As an additional control, parasites were purified through activated Sepharose 4B; no unspecific affinity toward the dextran was shown, since it all percolated in peak 1.
Gel Electrophoresis
Gel electrophoresis was carried out on 8% polyacrylamide gels (SDS-PAGE) as described previously (23) . The same number of parasites at each stage, lysed in sample buffer (23) , was applied to each well for analysis. All gels were treated with Amplify®, dried, and exposed to Kodak X-Omat film with intensifying screen sets at Ϫ70°C.
Gel Filtration
Ring forms and young and old trophozoites, labeled for 18 h with D-[U-
14 C]glucose as described under "Metabolic Labeling" (see "Protocol 3"), were lysed in buffer: 10 mM Tris-HCl, pH 7.2, 150 mM NaCl, 2% (v/v) Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 5 mM iodoacetamide, 1 mM N ␣ -p-tosyl-lysine chloromethyl ketone and 1 g/ml leupeptin. Each parasite stage was chromatographed using a Bio-Gel P-4 column (1.9 ϫ 80 cm) equilibrated with 0.1% (v/v) Triton X-100. Fractions of 1 ml were collected, and the distribution of radioactivity in the eluates was monitored by liquid scintillation counting. Dextran blue was used as marker for the void volume (V 0 ). Fractions eluting in the void volume were pooled in all cases for further enzymatic treatment (24) .
Enzymatic Hydrolysis
Lysates from the three intraerythrocytic parasite stages, treated as described under "Metabolic Labeling" ("Protocol 3") were submitted to O-Glycanase® enzyme (bovine serum albumin-free) and recombinant N-Glycanase® enzyme (glycerol-free) cleavage. Samples were denatured by boiling for 3 min in the presence of 50 mM NaH 2 PO 4 , pH 6.2, 50 mM 2-mercaptoethanol, 50 mM EDTA, and 0.1% (w/v) SDS. Nonidet P-40 1% (v/v) and O-Glycanase ® (2 units/ml) were added, and the sample was incubated in a water bath at 37°C for 24 h. Treatment with N-Glycanase® (0.6 unit/ml) was performed under the same conditions, except that the pH was changed to 7.4. In all chromatographic procedures involving enzymatic hydrolysis, controls without enzyme were submitted to the same experimental conditions (25) .
After enzymatic hydrolysis, samples were either: (a) analyzed by SDS-PAGE as described or (b) chromatographed on Bio-Gel P-4 under the conditions described above. In every chromatographic procedure involving enzymatic hydrolysis, the amount of radioactivity spotted was 30% more than the amount used for controls; this was to ensure that disappearance was in fact due to the action of the enzyme.
Acid Hydrolysis
Acid hydrolysis was performed with 2 N trifluoroacetic acid for 3 h at 100°C. Acid was removed by several distillations with water, and the hydrolysate was analyzed by paper chromatography.
Paper Chromatography
Paper chromatography was carried out on Whatman No. 1 paper with n-butyl alcohol/pyridine/water (6:4:3, v/v/v) as solvent. Radioactivity was determined after cutting 1-cm paper strips.
Thin Layer Chromatography (TLC)
TLC was performed on silica gel 60 precoated plates (Merck), using n-propyl alcohol/ethanol/water (7:1:2, v/v/v) as solvent. For analysis of oligosaccharides obtained after N-Glycanase® digestion, double or triple developments were carried out as required. The plates were dried, sprayed with EN 3 HANCE spray (DuPont NEN), and exposed to XOmat AR films at Ϫ70°C.
High-performance Liquid Chromatography (HPLC)
HPLC was performed on a Spectra-Physics liquid chromatograph equipped with a refractive index detector and a Rheodyne injection valve. A Lichrospher 100 NH 2 (Merck, 5 m) column eluted with acetonitrile:water solvent system: (a) 70:30, v/v or (b) 85:15, v/v, at a flow rate of 1 ml/min was used. Aliquots of 0.5 ml were collected and counted for radioactivity. Standards of GlcNAc, N,NЈ-diacetylchitobiose and maltooligosaccharides were used.
Acid hydrolysis was performed with (100 l) 2 N trifluoroacetic acid for 3 h at 100°C. The sample was dried in a Speedvac, re-N-acetylated in saturated solution CO 3 HNa by three additions of 2.5% (v/v) acetic anhydride over 30 min, re-dried, and passed through a tandem column of Dowex 50 H ϩ (0.5 ml) over Dowex 1 (OH Ϫ ) (0.5 ml). Elution was performed with 3 ml of water. The hydrolysate was dried in Speedvac and analyzed by HPLC.
RESULTS
Inhibition of Parasite Development in Cultures of P. falciparum Treated with
Antibiotics-Treatment of P. falciparum with 12 M TUNYC for 96 h caused a 90% inhibition in development of the young trophozoite to the schizont stage of the second cycle, without pigment formation. This has been described elsewhere (16, 17) . Parasites at the old trophozoite stage (35-40-h culture, 83-88-h TUNYC exposure) of the second cycle were interrupted in their development and died ( Ring-stage synchronous cultures of P. falciparum, preincubated for 48 h with 12 M TUNYC and labeled with each metabolic precursor for an additional 48 h in the presence of the antibiotic (Fig. 1, arrow 4) , showed 10 -15% inhibition of protein synthesis (Fig. 1, E, q, 2nd cycle) . Under these conditions a 60 -70% inhibition of sugar incorporation was observed, an effect which was more pronounced in young trophozoites during differentiation to old trophozoites in the 2nd cycle (22-42-h culture time, 70 -90-h TUNYC treatment) (Fig. 1 , Ç, å, photos 4, 5, 6, 4Ј, 5Ј, 6Ј) .
Protein Profiles after Electrophoresis of Tunicamycin-treated and Untreated Parasites-Both treated and untreated parasites displayed asynchronous forms in the 2nd cycle after 22-30 h under culture (see "Experimental Procedures" and "Protocol 2" under "Metabolic Labeling"). Nevertheless, while untreated parasites displayed 30% of young trophozoites, 60% of old trophozoites and 10% of ring forms, TUNYC-treated parasites displayed 80% of young trophozoites, 15% of old trophozoites and 5% of ring forms. All these developmental stages were purified by discontinuous Percoll® gradient and processed as described under "Experimental Procedures."
Electrophoretic profiles of L-[ Fig.  1, arrow 5, point C) . However, when the parasites were subjected to the same experimental protocol but pulse-labeled for 18 h (cf. Fig. 1, arrow 5 , point D, photos 5 and 5Ј), significant differences in the electrophoretic patterns were detected among ring-stage, young, and old trophozoites of the 2nd cycle. In the ring-stage form treated with TUNYC, one band Ͼ200 kDa disappeared (Fig. 2B, lanes 1, and 1Ј) . TUNYC-treated young trophozoites of the 2nd cycle do not show bands of 205 and 109 kDa, while other bands (93, 80, 70, 43, 30 kDa) were less intense than in the corresponding TUNYC-untreated control (Fig. 2C, lanes 1 and 1Ј) . Band intensity reduction was likewise observed in TUNYC-treated old trophozoite parasites (200, 120, 104, 70, 43 kDa) when compared with antibiotic untreated controls (Fig. 2D, lanes 1 and 1Ј) . Under identical experimental conditions, uninfected erythrocytes did not incorporate labeled sugars into glycoproteins (Fig. 2E) ]methionine for an additional 18 h (see "Experimental Procedures" and "Protocol 2" under "Metabolic Labeling," Fig. 1, arrow 5, point D) , were chromatographed on ConA-Sepharose. In the ring stage, no significant differences were detect in peaks 1 and 2 from treated and untreated parasites (Fig. 3A) . However, in young trophozoitestage parasites of the 2nd cycle differences became apparent in the material that bound to ConA-Sepharose (Fig. 3B, lanes 2  and 2Ј) . TUNYC treatment caused the disappearance of bands of 205 and 109 kDa and bands in the range from 97 to 30 kDa. Concomitantly, these bands were intensified in peak 1, which suggests that the difference observed can only be ascribed to the lack of carbohydrate residues after TUNYC treatment. When TUNYC-treated and -untreated old trophozoites of the 2nd cycle were compared, the only difference found was a protein band of 43 kDa (Fig. 3C, lanes 2 and 2Ј) . In order to confirm the presence of N-linked oligosaccharides in P. falciparum proteins, peak 2 of ConA-Sepharose chromatography of non-TUNYC-treated young 1st cycle trophozoites (labeled with L-[ 35 S]methionine as described under "Experimental Procedures" and "protocol 3" under "Metabolic Labeling") was treated with N-Glycanase® or O-Glycanase® after purification by affinity chromatography. After N-Glycanase® treatment, the fraction was rechromatographed on ConASepharose; proteins of 205 kDa and in the range of 109 -30 kDa, which had previously eluted in peak 2, now appeared in peak 1 (Fig. 4, lanes 1, 2, and 3) . Treatment with O-Glycanase® produced quantitative, but not qualitative, differences when peaks 1 and 2 were compared (Fig. 4, lanes 4 and 5) . Old trophozoites were not affected by N-Glycanase® treatment, whereas O-Glycanase® hydrolyzed the carbohydrate residues of proteins present in peak 2 (not shown).
Oligosaccharide Released from N-and O-Linked Glycoproteins by Treatment with Specific Glycanases-An asynchronous culture of P. falciparum (25% parasitemia) was metabolically labeled with D-[U-
14
C]glucose for 18 h and each stage was separated on a discontinuous Percoll® gradient and treated with N-Glycanase® or O-Glycanase®. The samples were analyzed by SDS-PAGE. In the ring stage, one band of Ͼ200 kDa disappeared after treatment with N-Glycanase® (Fig. 5A, lane  3) . Bands ranging from to 130 to 80 kDa were sensitive to O-Glycanase® treatment, but the Ͼ200-kDa band did not disappear after this treatment (Fig. 5A, lane 2) . In the young trophozoite stage, bands of 205, 109, 93, and 80 kDa disappeared or decreased in intensity after N-Glycanase® treatment (Fig. 5B, lane 3) ; this was not the case with O-Glycanase®, which did not substantially alter the electrophoretic profiles (Fig. 5B, lane 2) . In the old trophozoite stage, changes in bands of 70 kDa and 45-40 kDa were detected after N-Glycanase® treatment (Fig. 5C, lane 2) , whereas after treatment with OGlycanase®, all bands disappeared or decreased in intensity with the exception of a 45-40-kDa band (Fig. 5C, lane 3) .
Asynchronous cultures of P. falciparum (25% parasitemia) labeled for 18 h with D-[U-
14 C]glucose (Fig. 1, arrow 2 , point B) were purified by discontinuous Percoll® gradient. Each stage was lysed in buffer as described above for gel filtration column analysis, and each V 0 was recovered and subjected to enzymatic hydrolysis with N-or O-Glycanase®. Comparison of chromatographic profiles showed that the material recovered in the V 0 contained 48.4, 22.3, and 32.5%, respectively, of the total radioactivity incorporated by ring, young-trophozoite, and oldtrophozoite forms (Fig. 6, A1, B1 , and C1). These V 0 peaks were divided into three aliquots, two of which were treated respectively with N-Glycanase® and O-Glycanase®, while the third was left untreated. Experimental conditions were otherwise the same for the three aliquots. All three aliquots were then rechromatographed on Bio-Gel P-4. Recovery in V 0 of the control sample (no enzyme added) was 100% of the radioactivity (Fig. 6, A2, B2 and C2) . The distribution of radioactivity after N-Glycanase® treatment was 28.8% in V 0 and 71.19% of included material (ring forms), 29.40% in V 0 , and 70.60% of included material (young trophozoites) and 71% in V 0 and 29% of included material (old trophozoites) (Fig. 6, A3, B3 , and C3, respectively). The distribution of radioactivity after O-Glycanase® treatment was 66.96% in V 0 and 33.03% of included material (ring forms, Fig. 6, A4) , 66.30% in V 0 and 33.70% of included material (young trophozoites, Fig. 6, B4 ) and 28.76% in V 0 and 71.24% of included material (old trophozoites, Fig. 6,  C4) .
The material eluted in V 0 after O-Glycanase® treatment of young and old trophozoite stages was subjected to a further N-Glycanase® treatment and rechromatographed. After this treatment almost all radioactivity (89.90%) from young trophozoites was included on Bio-Gel P-4; conversely the material from old trophozoites could not be hydrolyzed further since 95% of the radioactivity remained eluted in V 0 (Fig. 6, B5 and C5) . The included peak from young trophozoite was analyzed by paper chromatography after hydrolysis with trifluoroacetic acid, and three peaks corresponding to Gal, Man, and GlcNAc were detected.
The action of N-Glycanase® was confirmed by TLC of the included peaks from young (Fig. 6, B5) and old (Fig. 6, C3) trophozoites. In the young trophozoite material, four spots were detected. The two fast moving components (Fig. 7A, arrows A and B) corresponded to GlcNAc and N,NЈ-diacetylchitobiose, respectively, as was shown with authentic samples by TLC and HPLC (solvent system a) (Fig. 8, plates A and B) . sample of Man 3 NAcGlc 2 (Fig. 7A, arrow C) . When this spot was analyzed by HPLC, a peak with a retention time slightly ahead of M 5 was obtained (Fig. 8, plates C) . This is in agreement with the fact that the presence of GlcNAc residues in oligosaccharides shorten their retention time in HPLC (28) .
Oligosaccharide D migrated lower than the maltooligosaccharides used, but close to an authentic sample of Man 9 NAcGlc 2 . As identical elution behavior in HPLC or TLC does not mean that the structures are completely identical the sugar composition was investigated (Fig. 7A, arrow D) . Compound D was totally hydrolyzed, re-N-acetylated and analyzed by HPLC using solvent system b. Peaks coincident with GlcNAc, Man and Gal in a minor amount, were detected (Fig. 8,  plate D) . All together, the three facts of having the sensitivity toward N-Glycanase®, plus the characteristic migration in TLC similar to N-glycosidic chains and the sugar composition of band D, indicate that young trophozoite contain N-linked glycans having hybrid or complex-type structures. The old trophozoite stage has a very low percentage of N-glycosidic-linked chain (Fig. 6, C3) , so it was analyzed by TLC to determine the relative size of these chains after enzymatic hydrolysis. Oligosaccharides with a relative length corresponding to standard M 7 to M 8 were detected. There were also minor bands around M 5 (Fig. 7B) .
The TLC profile after O-Glycanase® treatment of the included peaks from young trophozoites (Fig. 6, B4 ) appeared bands corresponding to standard M 6 and M 2-3, whereas in old trophozoites (Fig. 6, C4) were detected. In both cases a spot remained at the origin, probably due to larger chains that remained unhydrolyzed (data not shown).
DISCUSSION
Treatment of cultures of P. falciparum with TUNYC inhibits differentiation of trophozoites to the schizont stage, as a result of inhibition of N-glycosylation in trophozoites. N-Linked glycoproteins were present mainly in the ring and young trophozoite stage and were less predominant in the old trophozoite stage. In contrast, Dieckmann-Shuppert et al. (3) , using a mixture of parasites of the asexual intraerythrocytic stages following 28 -40 h of in vitro culture, found N-linked glycoproteins to be apparently absent.
In this study, the role of protein glycosylation in parasite development and the types of glycoproteins related to differentiation from the trophozoite to the schizont stage are analyzed. Previous observations on the effects of TUNYC are confirmed, including the failure of the ring stage to appear in the 3rd cycle (17) . Our results show that this failure is caused by inhibition of the differentiation of old trophozoites to the schizont stage.
The inhibition occurs during the 2nd culture cycle and is independent of the developmental stage found at the beginning of treatment. Dieckmann-Shuppert et al. (17) have suggested that merozoites formed after the first cycle in the presence of TUNYC are still able to invade red blood cells, but are unable to complete a second developmental cycle. In our experiments, using the same antibiotic concentration, development of a synchronous schizont stage culture stopped during the 2nd cycle after 80 h of treatment; this shows merozoites of the 1st cycle not to be affected.
When higher concentrations of TUNYC (20 M) were used, death of the parasites occurred in the 1st instead of the 3rd cycle. This might be ascribed to inhibition of protein synthesis, as found in other systems (15) . For this reason a concentration of 12 M TUNYC was employed. Delayed effects at lower levels of the antibiotic were probably due to slow binding of the drug to the parasite's surface membrane (15 C]mannose (with an inhibition of 60 -70%) in the 2nd cycle; this had a real effect on the glycosylation pathways which lead to the formation of glycoproteins. The effect was concomitant with the fact that no differentiation from trophozoites to schizonts occurred. The failure to incorporate sugar is a death warrant for the parasite. RPMI 1640 medium is supplemented with 11 mM glucose to allow viable culture to continue for more than 2 cycles (19) . Patients with severe P. falciparum parasitemia display hypoglycemia due to avid consumption of glucose by the parasite (29) .
Dieckmann-Schuppert et al. (3, 27) showed by gel filtration that labeled sugars are incorporated into O-linked glycoproteins through O-GlcNAc. A small proportion (7-12%) of all labeled sugars was released by N-Glycanase® and included in the gel filtration column, thus indicating that they may correspond to N-linked glycoproteins. A larger fraction (37-52%) of all sugar-labeled proteins was reported to be insensitive to ␤-elimination (3). These data were obtained from incorporation experiments in glucose-free medium after short time pulses (4 h) with labeled sugar precursors (3). Use of glucose-free media has been shown to alter the synthesis of lipid-linked oligosaccharide precursors of N-linked oligosaccharides in some eukaryotic cells (26, 30) . C]glucose, there were no differences between the polypeptide band patterns of TUNYC-treated and untreated parasites. However, striking differences could be detected after 18 h of incorporation (Fig. 2, B-D) , perhaps due to the slow turnover of glycoproteins, as demonstrated in other eukaryotic cells (cf. Refs. 26, 31, and 32) .
A high molecular weight glycoprotein (Ͼ200 kDa) from the ring stage was not detected in antibiotic-treated parasites labeled with D-[U-14 C]glucose. However, no conclusive differences could be detected when the parasites were labeled with L-[ 35 S]methionine and further purified by ConA-Sepharose, probably due to the relative nonspecificity of that label. Methionine labels the protein chain, thus the disappearance of one component from a complicated profile at the top of the gel would be less evident (Fig. 3A, lanes 2 and 2Ј) . However, the same band (Ͼ200 kDa) disappears after N-Glycanase® treatment, suggesting that in the ring stage at least this glycoprotein is N-linked due to the well known specificity of this enzyme toward the N-acetylglucosaminyl asparagine linkage (33) . Notwithstanding, the absence of the oligosaccharide residue in this glycoprotein does not seem to be important for differentiation from the ring stage to the young trophozoite stage in the 2nd cycle, since the TUNYC-treated ring stage developed to the young trophozoite stage (Fig. 1, photo 4, 4Ј and Fig. 2B, lane 2) .
Affinity chromatography with ConA-Sepharose and enzymatic treatment with different glycosidases are useful tools for detecting the differences between N-and O-linked glycopro- FIG. 7 . Thin layer chromatography of included peaks after treatment with N-Glycanase®. A, young trophozoite. Sample was analyzed after triple development. TLC of the N-glycosidic chains obtained after treatment with N-Glycanase® and separated on Bio-Gel P-4 ( Fig. 6, B5 ). M 1 -M 8 , maltooligosaccharides going from 1 to 8 glucose units. As standards of N-glycans were used: GlcNAc 2 , Man 3 GlcNAc 2 , and Man 9 GlcNAc 2 . Arrows A, B, C, and D show compounds that were analyzed by HPLC (see Fig. 8) . B, old trophozoite. Sample was analyzed after double development. TLC of the N-glycosidic chains obtained after treatment with N-Glycanase® and separated on Bio-Gel P-4 (Fig. 6,  C3 ). M 1 -M 8 , maltooligosaccharides going from 1 to 8 glucose units. Solvent: n-propyl alcohol/ethanol/water (7:1:2, v/v/v).
teins (34) .
In TUNYC-treated young trophozoites, some bands with a range from 200 to 30 kDa disappeared from peak 2 and were detected in peak 1 of ConA-Sepharose, which suggests that these glycoproteins were no longer glycosylated (cf. Refs. 4 and 35) . When young trophozoites were labeled for 18 h with D-[U-
14
C]glucose, bands with identical M r were completely or partially inhibited in TUNYC-treated parasites. Glycoproteins with the same M r as those inhibited by TUNYC treatment were also sensitive to N-Glycanase® treatment. Moreover, when peak 2 of ConA-Sepharose chromatography of young trophozoite extracts was treated with N-Glycanase ® , all glycoproteins of Ͼ30 kDa eluted in peak 1 of ConA-Sepharose (Fig. 4, lane 2) ; this shows these glycoproteins to be bound to the lectin by N-linked oligosaccharides, as described for other glycoproteins (35) . That denaturing conditions did not affect the lectin binding of glycoprotein was demonstrated by our control test (cf. also Ref. 36) . Clearly the lack of binding to ConA-Sepharose is due to the lack of an N-glycosidic moiety in the labeled proteins (Fig. 4) . The presence of N-linked glycoproteins was also confirmed by detection of three oligosaccharide chains with the same mobility as GlcNAc 2 , Man 3 GlcNAc 2 , and Man 9 GlcNAc 2 after chromatography gel filtration of the enzymatically hydrolyzed sample (Fig. 6, B5, Fig. 7A , and Fig. 8, plates A-C) . Although the structural features are not known, the size of the carbohydrate moiety together with its monosaccharide composition are indicative of N-linked chains (Fig. 8, plate D) (34) .
N-Linked glycoproteins in young trophozoites seem to be essential for the development of this stage to the schizont stage, since young trophozoites of TUNYC-treated cultures do not develop to become schizonts. One hypothesis may be advanced: N-glycoproteins of Ͼ200 kDa in the ring stage are processed to N-glycoproteins with lower molecular weights in the young trophozoite stage; if these proteins are not glycosylated, the schizogonic phase will not develop. One glycoprotein of 200 kDa (MSP-1) synthesized in the trophozoite stage is present on the surface of the schizont stage and is processed in minor fragments in the merozoite stage (11, 12) . However, the N-linked glycoproteins in young trophozoites may also be Olinked as suggested by results shown in Fig. 4 , lane 4 and lane 5. The numerous potential N-glycosylation sites in P. falciparum proteins are listed in the malaria data bases (32, (37) (38) (39) .
Our results (Fig. 6, C4) suggest that the majority of glycoproteins in the old trophozoite stage are O-linked due to their sensitivity to O-Glycanase®; this confirms previous results (13, 40) . The results are suggestive of a Gal-GalNAc linkage in accordance with enzyme specificity (33) . Some bands, however, were resistant to O-Glycanase®, suggesting other types of linkages in the O-linked proteins. An O-GlcNAc linked glycoprotein has been reported for the schizont stage (27) . Different types of oligosaccharide bonds are suggested by the results obtained after treatment of old trophozoite material with each glycanase (Figs. 6 and 7B) . Two bands of 80 -70 and 45-40 kDa, the intensity of which was lowered by the action of TUNYC on living parasites, were sensitive to N-Glycanase® digestion. Others, which were lacking or reduced in TUNYC-treated cultures, were resistant to N-Glycanase® treatment. The latter finding may be explained by the known fact that fucosylation at the innermost GlcNAc would confer resistance on the enzyme FIG. 8. Analysis by HPLC of different oligosaccharides separated in TLC. Plates A-C, HPLC fractionation in solvent system a of the oligosaccharides obtained from young trophozoites by N-Glycanase® digestion. After separation by TLC the radioactive spots were eluted from silica gel scrapings with water:methanol 8:2 (v/v), dried, and subjected to HPLC. A, compound A from the TLC (Fig. 7A, arrow  A) . Number 1 corresponds to an authentic sample of GlcNAc. B, compound B from the TLC (Fig. 7, A arrow B) . Number 2 corresponds to an authentic sample of N,NЈ-diacetylchitobiose; C, compound C from the TLC (Fig. 7, A arrow C) . Arrows on the top panel correspond to the elution position of maltooligosaccharides from M 1 to M 7 . D, analysis of the monosaccharide composition of compound D from the TLC (Fig. 7A,  arrow D action (41) .
O-Linked glycoproteins present in the schizont stage are of the O-GlcNAc type. The levels of O-GlcNAc-transferase increase during late differentiation of old trophozoites to schizonts (27) . This fact may explain the high heterogeneity of the O-linked oligosaccharides detected at this stage.
N-Linked glycoproteins are characterized by the facility with which they cross membranes (42) . The profile of N-linked glycoproteins detected in young, but not in old, trophozoites may be related to the need of the parasite to form the network of vesicles and tubules characteristic of that stage of differentiation (43, 44) . Alternatively, one might speculate that in the absence of N-glycosylation, proteins cannot be shed as exoantigens, thus arresting development (45) . Mechanisms of Nglycosylation involved in cellular differentiation have been described as specific for one stage of the cellular cycle in normal, as well as in SV40-infected, BALB/c 3TE (A1) cells (46) .
To our knowledge this is the first report unequivocally to show the presence of N-linked glycoproteins at the ring stage and in young trophozoites and to establish their relationship with the differentiation of intraerythrocytic stages in P. falciparum. The following questions now arise: (a) which factors regulate the switch from the predominant N-glycosylation system found in young trophozoites to the O-glycosylation system which prevails in the old trophozoite stage? (b) Are the young trophozoite N-glycoproteins those that are O-glycosylated during differentiation, or does the parasite synthesize entirely new proteins? If these mechanisms in P. falciparum are specific, it may be hoped that new targets for anti-malarial drug development will be disclosed. Studies to address these questions are currently in progress in our laboratory.
